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An investigation, both theoretical and experinentel, 
is made of the use of orgenie scintillators for dosage 
messurenents, The "air-equivaslent" range of organic 
seintiliators is measured experimentally and found to be 
in clese agreement with theory. Consideration of the 
following factors is taken into accounts 

1: Absorption in seintillator. 

Са fize of seintilletor, 

35, Electronic equilibrius conditions, 
4. Multiple scattering in scintíllstor, 
5. Externel seattered radiation. 

Measurements were made for seversl types and sizes of 
organic seintillators under both "seed"? geometry and "broad 
beent geometry conditions. The eonelusion is reached that 
under certain restricting conditions organie scintillators 
cen be used for dosage messurements over a specified energy 


renge of the incident у radiation. 
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І. INTRODUCTION AND STATEMENT OF PROBLEM 


There is a need in biological yeray studies for en 
instrument capable of measuring low dose rates. There 
are two requirements which such an instrument should 
meat. These are: (1) ability to messure dose rates in 
mr/hr (milliroentgens per hour) and (2) dimensions small 
enough such that the position of the detector for the y 
radiation can be determined within a few millimeters. 

The first requirement is necessary for sn instan- 
taneous knowledge of the cose rate. The seconá require- 
ment would enable measurements of a radiation field with 
a high gradient or the determination of dose rates in 
intercevity measurements. 

None of the instruments presently available meet 
both these recuirements. The thimble chamber, which has 
small dimensions, is calibrated to read total roentgen 
dose and recuilres ап excessive exposure time for small 
dose rates. Air ionization chamber dosimeters capable 
of reading low dose rates in nr/hr, are limited in their 
use because they require a relatively large ionization 
cnamber, 

An instrument capable of meeting both requirements 


has been proposed and investigated experimentally by 
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several] authors (}> 5, 3), Such an instrument would be 
composed of an organic scintillator, a photomultiplier 
tube, and an electronic detecting system, Іп the first 
two papers (2s 2) which investigated the usefulness of 
this device over the low energy region (20 Кеу-200 Кет), 
the detecting system merely measured the average direct 
current output of the photomultiplier tube by means of 
& direet current amplifier. Prestwich and coivin ©) ine 
vestigated a systez fer use in the medium energy y-ray 
range (250 Kev-3 Mev), wheres the detecting system con- 
sisted of a highly complicated electronic spectrometer 
whieh they adsit would be unsuitable for s practicable 
dose rate meter, 

Dr. Gerald J. Hine suggested to the present suthor 
that the technicue, as used by Ittner and Ter-Pogossian 
of measuring directly the output of thé photomultiplier 
tube should also be applicable to the medium energy range. 
Therefore the present author has undertaken ar experi- 
mental investigation of such a system in the £50 Kev to 
3 Mev renge and this paper is a report of the investi- 


gation. 
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CAL ASPECTS 


А. Basic Considerations 

In radiobiology, radiation dese is measured in 
roentgens and dose rate in reentgens per unit time. Tre 
roentgen, as defined by the Radiological Congress at 
Chicago in 1937, is a wit of energy dissipation, or 
quantity of ionization, by ү ог X-rays in a standard 
artitrary materizl, air, 9) Therefore in order to 
measure the energy dissipation or quantity of ioni:s- 
tion in roentgen unite, the intersecting material must 
either be alr or a material "equivelent" to air. By 
"hiír-eqguilvelent" material is meant a material in which 
the energy dissipated per gram of material is equal to 
the energy dissipated per gram of sir. 

To determine the energy dissipated in eny meterial 
when there is an incident y-ray flux, it is necessary te 
consider the detailled processes by whien y rays interact 
with matter. There sre three mein processes which heve 
a probability of oceurring when y rays sre incident on 
matter, These are (1) photoelectric effect, (2) Compton 
collisions, and (3) pedir produetion. In the first two 
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processes the y-ray photons interact with the electrons 
in matter and üellver part or all of their energy te 

en electron, This secondary elestron then moves through 
the matter losing its kinetic energy, which it received 
from the incident y-ray photon, by the process of ioniza- 
tion ond excitation until ali its energy is lest. In 

the third process the y-ray choton is transformed in 

the field of a nucleus into e n»ositron-eleetron pair 

beth of whieh proceed to lose thalr energy in the sane 
menner. The positron efter losing its kinetic energy 
will reaet with another electron ana produce annihilation 
redistion returning an energy of 1.0% Mev in the form 

of two v reys each having an energy of 0.51 Mev. 

Since the energy recuireá for the produetion of an 
ion pair is roughly constant at about 22.8 ev/lon pair 65s) 
the number of lon pairs is proportional to the energy 
áelivered to the secondary electrons. This is the basis 
for the sir ionization chamber whieh collects the ion 
pairs, measures their total charge, and obtains a measure 
of dosage. 

In a scintillation crystal, light pulses are pro- 


duced by a complieated seintillation procesa” 
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associated with the loss of energy through ionization. 
tiopxins (5 hes shown that the light pulse in anthracene 

is proportional to the secondery electron energy initiating 
1% at least for elactren enorzies fron 0.175 to 3.7 Mev. 
Cinca the vhotomultinolier current is proportional to the 
ineident ilght flux the integrated current resulting from 
the secintilletion 241865 la a messure of the secondary 
electron energy or che anergy Jissinated in the crystal, 
This is the basis for a seintilistion dose rate moter when 


the seintillation material is “atr-eguivalent®, 





5. menge Abserbed im a 
If the seintilistion material is "air-ewuivalent! 
the ratio of the energy absorbed/sec in en organic 
seintillater to that absorbed/sec in air should be 
constant. To fing thig ratio we ргосвед as follows: 


Let Г, = y-ray energy in Mev 


Y 
~ = scattered y-ray energy in Compton coliision 
n - number of incident photons/em*-see of 
energy В, 
А = affective srea of incidence 


б = total Compton linear attenuation coefflclent 
in cm? 
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c, = true Compton linear absorption coefficient 
in еш” 


и. * Compton stettering coefficient in en + 


U = photoelectric linesr attenuation coefficient 
in en? 
К ә pair production linesr sttenustion coefficient 


іл ені 


Pa * totel linezr attenustiorn coefficient in en? 


a meet K + T 


ва = true linear absorption egerfficient in em”? 


„= +к +1 
Ww = binding energy of "KR" electron 


Mass absorption eoefríicients are obtained by dividing 
the linear absorption coefficients by the density р. 
Figure 1 shows the value of u/p, У т/р, nd K/p 
for air aS a function of incident y-ray energy. Figure 
S is the same for anthracene and Fig. 3 is the same for 
Kal (see Appendix A for semple calculations and source 
of data). 

In a Compton collision the energy abserbed per 


interecting photon is (Е, ~ в, ) snd the probability of 
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Figure 3 


MASS ABSORPTION COEFFICIENTS FOR Ма] 
Р = 3.67 9" /ст5 











interacting per photon per em of path length is d. 
Therefore the probable energy absorption per photon per 


om of path length for « Compton eellision is 


(a, + “y ) 
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In the phototlectrie process the energy absorbed 
per interaeting photon is (Е, - Y) and the probability 
of interacting per ohoton per om of path length is T., 
Therefore the probuble energy absorbed per photon per em 
of path length in the vhotoelectrie process 18 

(в, - 0) 

In the paireproduction process the energy absorbed 
per interacting photon Ir (E, - tis e^) &ná the probability 
of interacting per photon ger em of path length le К. 
Therefore the probable energy absorbed per photon per 
em of path iength in the psir-eroóuction process i$ 


~ 9 
(E, - Pm e^) 
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The total probable energy absorbed per see = ЧЕ 
4; 
for sn incident flux of n photons/em"-sec in a thickness = dx 
is the sun of the probsble energies ebsorbed per unit time 


in a thickness dx for the three processes, 


„ e ; 
¿En = пА|ах cE, + (E, ~ W) + (8, - пећ (8-1) 


Y 
The total energy per sec absorbed in a thickness ӯ, ів 


Шш 
Бо = f En (B-£) 
© 
For air and organic materials, in the energy range 
considered (0.01 Mey to 10 Mev), W is negligible compared 
№ à EX ve | 
to Е Also since к (в, - рме) < dE, thie term can be 
neglected, Using these simplifying assumptions the equation 
for energy absorbed per see in dx becomes 


di, = плЕ, (9а + т) ах = HAE dx (3-3) 


ya 
ln s meterial whose thickness is Ха the number of 
photons/em sec, n, ineident on a erosa section taken 
anywhere between 0 and L із not constant but follows an 
exponential law 


=н X 
nene ° (в-4) 
The total lineer attenuation coefficient a, is chosen 


here on the basis of crystal size, which makes the 
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probability oi multiple scattering extremely unlikely. 

ibe actui value 1469 somewhere between Hp and Ё and is 
¢ 

dependent on the gesno tay. 1? ihe total energy absorbed 


per вес then becomes 
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Using primed symbols to indicate values for air and 
unprimes symbole fer orgaríe seintillators the ratio of 
energy absorbed per see in an orgenic seintillator to the 


energy absorbed rer see in air becomes 


“nL 








(3-6) 


For an ionization chamber ef reasonable віле 
(1-2 liter volume, 3-4 ma air equivalent vali material) 
Ba! * «61, therefore 1 - A Lt and the ratio 


becomes 
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For a specified organic scintillator anë ion chamber 


the ratio fion remain constant. The ratio Y can then 
be written 


at 


М, sa Y 
toiki مه‎ 


Since we nre interested only in the relative valves 
of R the value of the constent C can be chosen to normalize 
R to one at any selected value of Е. Rote that this ratio 
18 э funetion of crystal thickness. 

All of the above equetions have been derived on the 
assumption of a monoenergotic y-rey source, xe must іп- 
vestigate the problem also for nen-moncenergetic sources. 


First we define an average yeray energy 
Ж. = HEN 2 


where 


Р, = percent sbundance of i!'th y ray 


бү, = energy of itth y ray 
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then dES = ni AE, He dx (810) 
i 5. 


ЧЕ. = 2 п,АЁ и ах (8-11) 
Eq 1 3. Үі 8, 


Ф 
n, "n, 6 (B-12) 


-« 2 
e 2 nu B pf pi ay (5-13) 
4 ч е Ті Pay 


-to Lt 
Using the expansion for e 


for air, as before, the 
ratio of energy absorbed per see by the organic scintillator 
to energy absorbed per sec by air becomes 
a 一 
Con, Ha By, Но 
В а Д Д tn (B-14) 
In, a? E 
Е "Ет 
For the sources used experimentally which have è none 


monoenergetic spectrum the greatest correction (not con- 


<> 
24 source which hss twa 


sidering Ra) will oceur for the Na 
y rays ef widely divergent energy. Calewlation of the 


ratio R, considering the separate y rays, compared with 
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the calculation of PR, eonsidarins the source monoenergetic 
with a y-ray energy equal to the average y-ray energy of 
на“, shows that thie correction is less than 1 percent 
(see Appendix A). We therefore conclude that if we con- 
sider all aur sources monosnergetic with an energy equal 
to their average y-ray energy as defined in equation (8-9) 
no appreciable error will be introduced, 

In Fig. 4 area shown the theoretical resulta of the 
Calculation of the ratio R for anthracene crystals of 
different thiekness. The eurve drawn for a erystal thick 
ness of О ms is obtained from equation (B-8) by setting 

“it. 
24у 


is equivalent to the assumption that there is no loss due 


L 
the thickness correction factor | | =i. This 


to absorption of primary radiation in a erystel whose 
thickness is %, (i.e., n =m, in equation (В-4)). The 
value of the constant © is chosen so that the computed 
ratio R for E, = 0,6 Mev is equal to 1, This value is 
chosen since the investigation of Fig. 9 shows that at 0.6 
Mey т/р апі К/р are very small compared with F/P and 
therefore, at this onergy, anthracene should be "als- 
ecuivalent®™. Figure 4 shows thet the energy chosen for 


the normalization point could have been selected anywhere 
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between 0.3 and 2.0 Mev since in this region the ratio is 
linear and equal to l. This energy; range is the true "aire 
equivalent” rangs under the assumption that there is ne 
loss in ti? crystal due to absorption. Below 9.3 Mev the 
ratio 1s seen to decrease end thie is caused by the 
difference between the photoelectric absorption eoefficient, 
т/р, for air and anthracene, Above 7,0 Mev the ratie is 
also observed to decresse and this is reused hy the difference 
in pair produetion coefficients, к/р, for the two materials. 
By introduction of tho correction factor ve would 
expect the ratic te be prestly decressed in the lower energy 
range and only slightiy decressed in the higher energy 
range since, for energies < 10 Mov, y, increases as the 
energy deerezses. The десгегбе should »lso be more pro- 
nounced as Л increases. lnveztigetion oi the curves for 
€ mm thickness aná СБ um thiciness in Fig. 4 shows that the 
decrease in ratio ss a Function of L is as expected. The 
relative decrease es e function of energy is masked эв а 
result of the choice of 0.6 Mev as the normalization energy. 
То show this effect the curves should be drawn with absolute 
values for the ratio f, ihe general shape of the curves 
remains the same аз for the O nm case, However, ihe linear 


portion ef the curve above 0.1 Mev no longer has O slope. 
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The choice of 0.6 Mev as the normalization energy is made 
since this energy liea at the middle of the linear portion 
of the curve and gives the greatest approximately "aire 
equivalent" range, The “air-equivalent™ ranges within + 5 
percent ara 


tHAireequivalent" range 


Crysis] thickness ,ی کا س‎ aane 


О mm 0.11 Меү - 6.0 Mev 
G mm 0.33 Мех - 9.0 Нат 
25 виг 0,26 Меу ~ » 10 Mev 


In Fig. 5 the theoretical value of the ratio Rasa 
funetion of energy is shown for a Wal crystal. The dis- 
cussion given above for Fig. 4 is also applicable for this 
базе. The normalization energy for Nal was selected as 
1.5 Mev since investigation of Fig. 3 shows that T/p and 
K/p are very small eompered to 7, /p at this energy. 
Therefore at this energy Nal should be "nir-equivalent”. 
The approximate “air-ecquivalent” ranges within + 5 percent 
for Nal are 


Crystal thickness "Air-equiívalent" range 


+ 5 percent 
Q ma 9,62 Mev + 3.3 Her 
25 m 9,50 Mev ~ 3.0 Mev 
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C. Multívle Sestiarino 

Tho effect oi multipla scattering must be considered 
in this treatment of the theoretical aepeets of the problem, 
Multiple seattering would be greatest for lew energies and 
and for taiex organie etintiilators, Prestwich and Colvin (3) 
estimatei, unler gross essumphions, thot in a 20 mm thick 
anthracene crystal at an incident yeray energy of 280 Kev 
a maximus value of 3,4 nerzent of the incident photons could 
suffer Z collisions. Using tnis velue and neglecting any 
multiple collisions in the lon charber since l/g M wall 
taiekness of ion chamber, we сап caleulete a new ratio 
taking into account the energy absorbed in the crystal as 
a result of multiple collisions. Proceeding as before the 


ratio then becomes 






+ 0, 0340. 















ы к وای‎ E, "A 
where 
ET average energy of seattered у rays 
~ = true linger absorption coefficient for а 
Yeray energy of E * 
ро = total linesr attenuation coefficient ror a 


уставу energy of ET 


L* « average path length іп crystal for a scattered 


y ray 
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Since E_* — Б апа for a cylindrical erystal whose 
Y a, +o, Y 


diameter is equal to its length Le = L/2 this ratio сар 


be written 
Ä * 0,0175, 6] سپ ود‎ 
а б, Tg Во 


Ра 





The percent increase in R when the effeet of multiple 


scattering is considered is then 


Ltt | 
Ex 


For a cylindrical anthracene crystal with a diameter 


percent increase in R = 


and length equal to 20 om, and an incident y-ray energy of 
280 Kev then the calculated percent increase in PR is 
percent increase in R = 1,2 
We therefore conclude that under the conditions of 
this experiment the effect of multiple seattering will be 
negligible. 


D. Electron Leakage 
In concluding the theoretical aspeet of the problem 


the effect of electron leakage will be considered. At 


high energies some of the secondary electrons produced in 
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the scintillator will heave mean ranges which are comparable 
to the dimensions of the scintillator. This means that 
some of the electrons will eseape from the surfaces of the 
scintillator before all their energy has been dissipated 
in the scintillator. The ratio of energy absorbed/see in 
the scintillator to energy ebsorbed/sec in air will then 
be lower tran that computed by theory. This difficulty 
should be removed if an “air-equivalent" material thick 
enough to provide electronic equilibrium surrounds the 
crystal, Electronic equilibrium will occur, when the 
thickness of the surrounding materic] is approximately 
equal to the maximum range of the secondary electrons in 
the naterisl, 9) This will be investigated experimentally. 
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111.  EXPERIMENTAL EQUIPMENT AND PROCEDURE 


ihe equipment used in tnis experiment consisted of 
two basic measuring systems; (1) an sir ionization dose 


rate meter and (2) a seintilletion dose rete meter. 


As Zon Chamber Dosizeter 


The air ionization chamber dose rate moter selected 
for use in this experiment was а commercial Beckman Radio- 
activity Meter, Model MX-4. The ionization chamber usreg 
with this meter is a 3 mm bakelite cylinder whose volume 
is approximately 1.6 laters. The ion chamber was always 
placed so that the source was on its axis and in this 
position the front cover of the ion chamber is removable 
leaving a thin celluloid window 0,10 inches thiek. The 
ion chamber is connected to the meter by a coaxial cable 
approximately 6 feet long, The most sensitive scale on 
the meter has a full scele deflection of 1 nr/hr. The 
next scale has a full scale deflection of 2 mr/hr and the 
next scale which is the most stable of the lower three 
scales has a full seale deflection of 5 mr/hr. The source 
strength and distances were always chosen to give a reading 
on the 5 nmr/hr scale. All readings taken were corrected 


for non-linearity of the scale with a maximum correction 
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for center seale resdings of approximately 1 percent of 


Tull sesle deflection. 


5. Ine Scintillation Dosimeter 

The scintillation dosimeter consisted of one of 
seversl types of organie seintillators mounted on an BCA 
5819 photomultiplier tube. The photomultiplier was always 
operated at a negative voltage of 750 volts. The output 
of the photomultiplier was connected direetly to a modified 
RCA WW=8B44 DC nicroeumeter. The medifieation consisted 
of inserting a feedback Capacitance of 1.0 АГ between the 
plate and grid of the input tube. This is essentially the 
same arrangement as used by Ittner and Der-Pogossian, (1) 
The purpose of the feedback capacitance is to smooth out 
the input which is in a series of pulses fron the photo- 
multiplier tube. Care must be exercised in the selection 
of the capacitor used in such a modification as a capacitor 
having only slignt leakage will cause excessive drift in 
the meter. The meter used in this experiment had а drift 
of legs than 1 percent of full seale deflection per hour 
on any scale. 

All of the organic scintillators used in this experi- 
ment, with the exception of the 6 mm anthracene erystel 


whieh was eut to fit the top of the photomultiplier tube, 
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were mounted on a cylindrical lucite light pipe 3 nm 
thick and 27 mm in diameter cut to fit the top of the 
phototube, The sides and backs of all the scintillators 
were covered with 1/4 mil aluminum foil to increase the 
light collecting efficiency. Optical matching was 
obtained by the use of Hujol. 

All measurements were made with 4 pemetal shield 
around the phototube and «€ light eerdboard shield was 
pleced around the phototube and scintillator assembly to 
remove astray visible light. 


C. Arrangeuent 

in order to reduce to as small an extent as possible 
any contribution from seattered radiation the ion ehenber 
and phototube scintillator assembly were mounted оп а 
light aluminusa frame approximetely £ meters apart and 1,3 
meters sbove a wooden table. For "broad beam” geometry 
the sources were positioned between the two detectors, 
suspended from strings, at the same height above tae table. 
ihe ceiling, walls, and floor were all at a cistance greater 
then 2,5 meters from either detector or source. 

Distances fron source to detector for the scintillation 
arrangement were measured from center of source to center 


of orystal. For the lon chamber the distance was coviputed 
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using the forzuia 0S3 


x = a(l +e) 


where a = distance from front wall of ton chamber to 
center сі source and Д a depth of ion chember. The 


soureae used are described in the table given below. 


Source Ev Es Е, 
ng a? P mi aeid soln, 290 Kev 100 pereent £60 Kev 
172% ? ml geid soln, Сошр1ех (1?) 367 Key 
62137 0,1 ма 2018 soins 663 Kev 100 percent 665 Kev 
Rn Ra salt, 0,5 mu Complex 1.04 Кеу(13) 
Pt filter 
сө69 1/4" 15 mil wire 1.17 Мет 100 percent 1.25 Mev 


1,33 Mev 100 percent 
Kate 3 gm Хасо, 1,38 Mey 100 percent Р.07 Kev 
2.76 Меу 100 percent 


For the "broed beam” geometry the sources were enclosed in 
5 мі glass vials, wall thickness 1 mm, except the Ra source 
whieh wes enclosed in a 3/4 inch diameter solid lucite con- 
tuiner,. 

For the "good" geometry the sources were placed in 
glass test tubes (13 mm diameter, 1 mm wall thickness) 


which were inserted in a lead collimator whose dimensions 
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are shown in the figure below. 





LEAD COLLIMATOR 


A piece of bakelite 4 mm thick covered the exit port of 
the collimator to absorb the seeondary eleetrons anc 

fluoreseent radiation emitted from the collimator. The 
collimator was positioned at the height of the detectors 


on a light aluminus framework, 





IV. EXPERIMENTAL RESULTS 


be "Good" Geometry 

The theory as outlined in Section ХІ is based 
only on primary radiation. In order to check this theory 
it is therefore necessary to eliminate any possible 
effeets that might oceur as a result of seattered radistion. 
It was at first thoucht thet by using the arrangement as 
@eseribed in Section TII of placing the smurces and detectors 
at least 2.5 meters from the walls, floor, end ceiling 
there woule be negiigl>le contributions from scattered 
radiation to the dose rate as measured at the detectors. 
Investigation, to be described in this section, proved 
this premise to be ineorrect and led te the use of a 
eollimated source and "good" geometry for the oxperimental 
measurements te be used for comparison with theory. 

Figure 6 shows the experimental results obtained 
using 2 6 ma anthracene scintillation erystel. The experi- 
mental points were normalised by comparison with the 
result obtained for 63137 whose yeray energy is 663 Kev, 

For this energy the theoretical curve plotted in Fig. 6 
and normalized at 600 Kev, also has a value of one. There 


is excellent agreement with theory using "good" geometry 
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с 
for the не 02, csi?" and Co v-rays., The low value 


for the қа” measurement is believed to be a result of 


tne electron leakage discussed in Section 11-С. The 
result for Kart when the erystal is encased in 3 mm of 
bakelite is also shown in Fig. 8 and the closer agreement 
to theory is attributed to the improved electronic equlli-~ 
prium which exists uncer these conditions, Bepare te 
investigations of the leakage loss ss a function of erystal 
thiíckness and egulibrim conditions are prosented later 
in this section, 

fn attempt to correlate the results obtained in this 
energy range with the results of вгиекег (2) in the low 
energy range is shown in Fig. 7. His experimental results, 
assuming his measured value at 185 Kev to be in agreement 
with the theory outlined in ection IL are shown along 
with the theoretical curve and the measured value of the 
на“ 92 source, used in this experiment, for a 25 mm anthracene 
crystal. The results are considered quite good considering 
the uncertainty in the averege x-ray energy. However the 
increased rate offnll-off at the lover energies could be 
a result 5f scattered radiation resulting in a lower average 
energy than that of the primary beem for which the energies 
ara given. Wo mention of scattering 15 made in his paper. 
14) 


In aeceordance with бтау!а(5» cavity theorem to 


obtain correct measurements with ionisation chambers 
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(and the same principle can be: extended to organic 
scintillators) thers must be electronic egquilibriwm of 
the secondary electrons in the region in which the cavity 
ог detecting mecium is located. Бу electronic equilibrium 
1s meant that the rate of flow of secondary electrons in 
а small differential volune is the seme in one direction 
es in the opposite direction, In order to check the 
detecting instruments used in this experiment for equilibriwn 
conditions the following measurements were made: 

1, The front wall of the ion chamber was bullt up 
in steps using celluloid and bakelite and readings taken 
using a collimated var source anproximstelr 40 em in front 
of the chember. It was felt necessary to inecrezse only the 
front well thickness as Meyneord and Roberts 41) have 
stated thet the largest contribution to the lenirction 
inside the lon chamber «rises from the front well. The 
Kart source was selected since equilibrium conditions 
reguire an incrossed well thickness as the energy of the 
primary rediation increeses, therefore the effect of non- 
equilibrium should be more pronounced for this source, 
The results, using a collimated source, are shown in 
Fig. 8, curve A, and the expected build-up in ionization 
as the equilibrium conditions are reached at 6 ma wall 


thiczness is readily apparent. The other curves shown in 
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this figure will be discussed in part B of this section. 
5, Essentially the same experiment was performed 
on the G ma anthracene crystal, The crystal was encased 
in a cylinder of bakelite 6 mm thick and then different 
thickness front covers wore placed over the crystal to 
cheek tne equilibrium conditions. Two sources were used 
іп inise experiment, ње“ ana со99, the results aní dia. 
gram of the crrengement are shown iz Fig. ©. For the 
cp source no build-up with wall thickness is observed 
heading to the conelusioa that for this energy, 1.75 Mev, 
and tris thickness of crystal, © am, equilibrium conditions 
can ba achieved in the Crystal itself vith cero thickness 


=> 


oi encssing material. The curve for ка? chews a definite 
build-up with a maximum when the front wall thickne:s 16 
increased to 3 zu. 

io Obtain some ісеа of the leakage loss as a function 
of erystal size, a plastic seintillater was obtained from 
the Pilot Chemical Company of Waltham, Mass. The selection 
of a plastic scintillator was made as it can be easily 
machined and polished to any desired shape or size. The 
y-ray attenuation coefficients for plastic ere essentislly 
the geme as for anthracene. The originel plastic seintillator 
Was a cylinder 25 mm in height and 26 mm in diameter. 


Severe] seintillators of the same diameter but different 











| 4 
nn. su Ve È runy үгүттү? 
MON —— — — vilalfaeaa A 
beast ao liopa si Defies semezifas em D m 
___"к ту  к_тул | и“ 

и Ышан Ы wwe вбољфе стао стевов nen біш 

bal езбе сила ну анала шетња љире • 
хы заь аздау аан лаике 5444 ИМ 

rd ia tl Y au‏ هد 22 Л‏ اء اجس تفه 
ДИ ДЈ КО Ћи |‏ 
quel t.p voyvewe 1204 591 баш wolasdesos edf cf am‏ 

Фа дата пате А wm P QUIM us Jo sumiati ја» 
ти кл Ек“. к. љ 
Wap ттш usse reos ипо EMT las 28. 
sû aaa ajoe hey e p зидина а Му АДИ | 
.- < оз aan } 

maiiba u ma вай) айла ас о 2 3 1. | 
кезі ісе tor ғы ылас сла”; а аха байъчи За 
ПРИ "РРА р """еЕ ТЕ 
pilies of am JL cw ote em пијете ои в За 

e ata =v "и '“" к ки “7. _ | _ ___. 
chistes AAA тебе 
volafibileiés тен ИМ © ¡aminas at sl saña өй 
viiam? at ah OY Aue LÎ MÛ im AÛ vehat à Bis 
mara ch fot vimana anaa aR? to rosa Imer 


Ы 
ж 























DOSE RATE (Arbitrary Units) 
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Source - Na?’ 





Source - Co80 


Bakelit = mil Al foil 5819 Photomultiplier 
akelife 
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EXPERIMENTAL ARRANGEMENT 


Figure 9 


DOSE RATE vs FRONT WALL THICKNESS 
"GOOD" GEOMETRY WITH 6mm. 
ANTHRACENE CRYSTAL 


2 4 6 8 IO 12 4 


FRONT WALL THICKNESS (t)-mm 





thickness were machined from tne original erlinder. 
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Meesurements using s collimated ka” source were made 
and the retio or ion chamber response to scintilletion 
meter response as a funetion of scintillation thickness 
are shown in Fig. 10, “he ratios are plotted on th 
essumption thet the loss for the #5 war thick seintiileter 
is nsgligiblo, The difference in dose rate 25 a result 
of ebsorption has been alimineted in this series of 
measurements by correlation with lower energy measurements 
and normalizetion et tha aversg@e energy of Naht, 

ihe measurenonts made usine epod geometry are 
useful prinarily in checking the theory. lr practical 
applications of a scintillation dose rete meter for vadio- 
biological work it is expected that most messurements 
would be made under "broad besm” conditions. Some of the 
effects caused by seatterad redistion using "brord beam” 


geometry will be diseussed in the next section, 


В, "Broad Bean" Geometry 

“hen using "broad besm? geometry many new variables 
are introduced into the problem, No attempt will be made 
in this diseusslon to investigate thease different variables 
but tha main effects of scattered radietion on dosage 
measurements when using organic selntillators will be 


presented, 
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¿he measurements obteined using “broad beam" 
geometry anó the 6 mm anthracene ¢rystal are shown in 
Figs 6. wa abserve that in the low energy ragion the 
experimental ratio lies belov the theoretical. This 
is to be expected if soattorod reilation is present since 
the aver: se energy of the radietion reaching the deteeter 
would be lower than the average orimary energy. 5% the 
aver ge energy of Ma t, 2.07 Жат, the ratio is now closer 
to the theoretical than thet obtained using "geod" 
geometry. This can clso be expleined on the basis of a 
Lowered average energy. Since for this thiekness crystal 
experimental results show that little or no loss is 


- lowering the 


expected for the average energy of Co 
average energy of the na A source would reduce the effect 
of leakage loss thereby inereasing the ratio. 

Tne first indieatlon of the effact of scattered 
radiation was apparent when a eheck of the ionization 
chamber for equilibrium conditions was made. Using 
"broad beaun” geometry the front wall thickness of the 
ionization chamber was increased fer four different sources, 
These results are shown in Fig. 11, anc Fig. &, eurve D. 


137 60 v £6 


и 
Hote thet for the C8 ^" , Co ^, and ka’ there is a decrease 


in dose rate as the wall thickness is inereased from gero, 
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Figure II 
DOSE RATE vs FRONT WALL THICKNESS FOR AIR 


IONIZATION CHAMBER "BROAD" BEAM GEOMETRY 
Source to chamber distance » 20 cm. 





and only a slight build-up for the ng^ 9? source. To 
determine if the increase in dose rate was a function 

of the distance of the source over the range in which 

the measurements for this experiment were taken, three runs 


using a ха^& 


source at distances of 5 em, РО cm, and 50 
en were made, These results are shown in Fiz. 12. No 
measurable difference due to distance was observed. 
Further experimenting was undertaken by placing a 
lead sheet 8 inches square, 7 вм thick, between the source 
and the ion chamber. The lead was first placed adjacent 
to the source and then moved against the feee of the ion 
chamber. Readings were taken for both positions and these 
are plotted in Fig. 8, curves B seni C, for comparison with 
the "broad beam" and "good" geometry curves which ere also 
shown in Fig. 98, With the lead sheet adjacent to the ion 
chamber some of the seattered radiation which is of lower 
energy than the primary rediation will be absorbed in the 
lead end, as the experiment shows, the curve for this con- 
dition approaches that for the "good" geometry. Kith the 
lesd adjacent to the source none of the scattered radiation 
is attenuated end the curve is the same as that for the 
"bread beam" case except for sone attenuation of the 


primary radistion. 
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Figure 12 


DOSE RATE vs FRONT WALL THICKNESS FOR 
AIR IONIZATION CHAMBER 
Source - Na 29 


. SOURCE AT 5cm 


. SOURCE AT 20 cm 


SOURCE AT 50cm 
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In view of the probable applications of & scintillation 
dosimeter, measurements were made using "broed beam" geometry 
on several different types and sizes of organic scintillators. 
The results of these measurements are shown in Fig. 12. 

All of the organic scintilistors used hove eseontielly 

the same yeray attenuation coefficients as those for 
anthracene. An estimate of the relative efficiency of 

the different scintillators was made on the basis that 

the light output is directly proportional to the volume 

of the scintillator and the results in order of decreasing 
efficiency are given below: 

1. Anthracene, 

£e. Stilbene. 

3. Plastic 

4, YTershenyl 

Examination of Pig. 13 shows that the experimental 


203 source sre always below the pre- 


results using an Hg 
Gieted theoretical curves anc as previously mentioned this 
is probably a result of a lowered average energy due to 

the presence of seattered radiation. At the higher energy 


of tne ne 


source examination of Fig. 13 shows that the 
experimental results also lie below the predicted theoretical 
curves, The experimental values for the thicker crystals 


are in closer agreement with theory then the values for the 
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Figure 13 


RATIO OF ENERGY ABSORBED/SEC IN VARIOUS ORGANIC 
SCINTILLATORS TO ENERGY ABSORBED/SEC IN AIR 
vs INCIDENT GAMMA-RAY ENERGY 


Note All theoretical curves normalized to 0.6 Mev — o 
All experimental data normalized relative to Cs'5? measurement — 
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thinner crystals as would be expected if this decrease 
is due to leskage loss as explained in Section II-D. 

All of the results, with the exceptions explained 
above, are seen to be in fairly close agreement with 
theory and it is therefore concluded that any of these 
organic scintillators would be suitsble for use in a 
dosimeter. 

jo complete the experiment, measurements were taken 
using a Nal crystal which aceording to theery is "aire 
equivalent" over only a small energy rango. The results 
of these measurements ore shown in Fig. 14. Over the 
approximate "a&ír-equivalent" range, which for a 25 mm 
Nal erystal is 0.5 Mev to 3 Mev, we see that the experi- 
mental results аге in close agreement with the predicted 
theoretical values. Below 0.5 Mev the theoretical ratio 
is seen to increase as the energy decreases, therefore 
for “broad bean" geometry we would expect tne experimental 
resulte to be higher than the predicted values. Examina- 


tion of Fig. 14 shows that the results are as expected. 
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V. SUMMARY AND RECOMMENDATIONS 


А, Zummary 

From the theoretical discussion in Seetion II and 
from the detailed experimental results described in Section 
IV the following genersl conelusions are made: 

1, Organice scintillators are "elr-eguivalent” within 
+ 5 percent over a limited energy range depending оп 
scintillator thickness 35 shown in the following table 
(see Fig. 4): 





Seintilletor Ener gy range [or 
3 mm 0.192 Mev to 7,0 Nev 
6 ma 0.15 Mev to ~ 9.0 Mev 
12 ша 0.20 Mev to >10 Mev 
25 mm 0:25 Mev to 210 Хат 


This table is based on a calibration of the 
scintillator at 6.8 Mev under equilibrium conditions. 

б. When electronic equilibrium does not exist the 
RFair-eculvalent™ range of the thinner seintillators will 
be considerably reduced from the values given in the above 
table as a result of leakage of secondary electrons from 


the sides of the scintillator. 
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3. There is no essential difference between the 
organic scintillators listed below in their response to 
y radiation, They do, however, have different relative 
efficiencies for light output for the same іпеісепі 
radiation intensity. They are listed in order of decreasing 
efficiency. 

а. Anthracene, 
b, £tiibene. 
c, Plastic. 

а. Тегрпепуі. 

4. Eodiwe iodide seintillation eryatals are “aire 
equivalent" over a very limited energy range. They would 
therefore not be suitable for use in a scintillation dosi- 
metor except in the measurement of dose rate from sources 
whose y-ray spectrum lies completely in this range. 

5. The effect of seattered redistion must be con- 
sidered when using 4 scintillation dusimeter with "broad 
beam" geometry, Eeattered radiation will lower the neagure- 
ment at the low energy end of the "air-equivalent" range, 
Тһе effect st the high energy end of ine "air-eqguivalenu? 
range wili depend on the crystal thickness and om the 
thickness of material, if any, surrounding the crystal. 

8, А scintillation dosimeter calibrated with a 


standard radium source will measure approximately 2.5 
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percent low for monoenergetie sources whose energies lie 


in tho "aireequivalent" range. 





lt is reeammended that a scintillation dosimeter 
be constructed similar to the one described in this 
experiment with the following modifications: 

1. А eylindrical organie scintillator approximately 
1/8 inch diameter, 3/8 ineh thick mounted оп the end of e 
lucite ог quarts light pipe at least 1 foot long. 

£, The seintillator encesed in 3 mr of Paip- 
equivalent" material such es bakelite. 

3, Calibrated using a standard radium source. 

The following investigations should then be con- 
ducted; 

1. Investigate the effects of the light vine. 

2. Compare the results obtained in different 
phantoms when using the scintillation dosimeter with the 
results for the seme chentoms when using a small sir 
ionization ehanber such as the Victoreen meter. 

The results obtained from such an investigation 


would be invaluable to radioblological research. 
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C. Conclusion 

It is the belief ef the auther thet the results 
of this investigation have shown beyond question the 
practicability of scintillation dosimeters for use in 
y-ray measurements and it is hoped that application of 
such instruments will be of some value in future biological 


research. 
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APPERMX A 


SAMPLE CALCULATIONS 








1. Caleulation of p./p, н„/р, 

The values of Во/Р and و‎ for air and NaI were 
obteined from the tebles іп NDS Report 1003. (15) For 
anthracene the values are not tabulated end must be 
calculated from the values given for hydrogen and 
carbon using the following formula: 


Y. Fo alos 


Es ala, 
EI. >, № Ki 
1 


where 
\ = molecular weight of compound 
Ws = molecular weight of í'th element 


Ay = atomic weight of i'th element 


Но = Avogadro's number 
ato, = total attenuation cross section for ifth element 
^ 
Pos ul + A 
айа, m totel absorption cross section for if'th element 


| K 
аға, * 246563) + Т + 
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E 一 
hydrogen ” 


K у 
hydrogen “л 


= 0,0879 


Tf e a nyarogen 


2 | = 0.2112 
(еб) wearogen 0,211 


(al o! nyárogen = 0.258 


(aPa)nyarogen = 0,0922 


Қ” = 0 
carbon 
K esrbon " 9 


lela carbon * 95574 em’ /etom 
Zelal) carbon = 1,26? e/a tom 

(ao) carbon @ 2+267 en" /atom 

= 0.5574 en /oton 
= 160 gn/zole 


(aa? carbon 


Wesrbon 


= 10 em/mole 


Wiyarogen 
Y = 178 gm/mole 


Ro а 65,03 X 1083 atons/gr-mole 


a 1,0 Huv 


кл 

cn” /atom 
с» 

ei^ /ntom 
еу 

an” /atom 


cm /atom 











~ 
7 ы 0.0671 gn/ en* 
Similarly 


№ 
? з 0.0795 gm/em™ 


Р. Calculation of ratio R for anthracene crystal 24 
ma thick and E, = 1.0 Hov 


Ba" 
= 0,0295 gn/em™ 


5.08671 gn/ са? 


ok‏ اه 


p % 

-Д- "9.0279 gn/ em" 
p = 1,825 gn/em? density of anthracene 
рї = 0.001205 gu/en? density of dry air 


20°C and 760 mm 
et, 






Bo = 985,1 C 








From similar calculation for A, = 0,6 Mev 


Wormelizing at 0.6 Mev let C >, then (Ro 1 


"m » 


and the normalized value of а о ребошәв 





(Ар o nore < 


3. Calculation of €, 


ма“ has two y rays 


E 





A 
1.38 Mev 100 
2.76 Mey 109 


E 2 P4, / XP, 


= 2.07 Mey 





4, Caleulation of ratio ER for non-monoenergetic source 


using exact formula compared with calculation of R using 


E, 











h. & ! 
y “Y “”% 


Ғог қа24 considering ratio of anthracene to air 


Anthracene Air 

A p/p p/p! 

Ey, 1.38 Mev 0.029 0.060 0.026 
Evo 2.76 Mev 0,02 0.041 0.021 
E, 2.07 Mev 0.026 0.048 0.023 


For non-monoenergetic with 4 = 6 mm 





For average ene rey 


C(0.026 
8 = 
E, 







) (1.25) 422 





Ri 一 = 1148 C 
Y 
Comparison of R 2, with Rẹ- shows that the error introduced 
Y 


by the use of E, is ~ 0.6 percent. 





Caio sut mis af amnis DNE in. Z Eto aa 


Sms BA at TE te ae mds vd 


Le 


В. 
3+ 
4, 
Se 
6, 
7 
8. 
9. 
10, 
11. 


12. 


13. 


14. 
15. 


BIBLIOGRAPHY 


Ittner, Y. Bs, 111, and М. Ter~Pogogsians 
Nucleonies 10, Eo. 2, 48 (1957) 
Brueker, G.J,: Nucleonics 10, No, 11, 7: (1882) 
Prestwich, 6. D. ang T., Н. Colvin: М.1,Ф7, Thesis (1952) 
Evans, Re Des Nucleonics 1, No. Р, 32 (1947) 
Gray, Le Het Proc. Roy. Soc. (London) 156A, 578 (1936) 
Gray, Le Het Proc. Cambridge Phil, бос. 40, Te (1944) 
Sangster, H. C.: O,N,R, Teehnicel Report 55, 34 (1952) 
Hopkins, J. Ios Rev. Бед, Instr. 22, 28 (1952) 
Evans, H. D.: Revs, Modern Phys. £4, 79 (1952) 
Gray, Le H.: Brit. J. Radiol. 30, 600, 721 (1937) 
Meyneord, W. У. and J. E. Roberts! Brit., J. Radiol. 
10, 365 (1937) 
Haskins, Je Ra and J. D. Kurbatov: Phys. Rev. B8, 
884 (1952) 
Hine, Ge Jet Phys. Rev. ВЕ, 755 (1951) 
Gray, Le Het Proc, Roy, Soc. (London) 12824, 647 (1928) 
White, б. Ret Н.В.В. Report 1003 (1952) 


1) 


— 








— | 
erae 


5 ا 

(2081) answer $I СИ , 
емі е 42 әкіміне Км) 
под" "и “_к ке sem HU do 
(2291) © „Др 059 MIA өдыізала ssori 
O E AMO 1.0 
A 4 тө жы ch 
(юм) OF dd co all فس‎ 1.0.) 
(real) cor M EM. Hi od от 
RO ae шей A yb Мал «Y o жолай BE. 
„тепти ш Ж 
a2" vono Ji Vl wem V VS ‚гше 

(een) ж 
¡Cia am Qi v | = TTE 
(OPEL) TOO ақы (жоғы) eem sued net ıı HE өте 2М 
(пау и тима «1:1 ee. 


р 
LI 









~ 





| 





























e um 
SOLD LETTEPIHG 
AMD 


039 
SMITH ENMDERY ¿ 
ОУ 








